Chinese hamster embryo cells to various chemical and physical carcinogens induced SV40 DNA synthesis. Although the carcinogen-mediated amplification of SV40 DNA is regulated by the viral A gene, the induction ofviral DNA synthesis does not result in the rescue of infectious virus or the formation of complete viral DNA molecules. Instead, a heterogenous collection of DNA molecules containing SV40 sequences was generated by treatment with 7,12-dimethylbenz [a]anthracene. Restriction enzyme analysis of the amplified DNA molecules in the Hirt supernatant showed that not all sequences in the integrated SV40 inserts are-present. The possibility that amplification of SV40 sequences is a reflection of a general gene-amplification phenomenon mediated by carcinogens is discussed.
Carcinogenesis is a multistep process. Epidemilogical studies of human carcinoma indicate that several specific heritable changes are necessary to change a cell into a malignant cell (1) . It has been widely assumed that mutation represents at least one stage in this process (2, 3) . However, mutagens and nonmutagenic carcinogens have been found to induce chromosomal rearrangements (4) (5) (6) (7) . Chromosomal changes are associated with various types of human cancers-e.g., leukemia (8) , meningiomas (9) , and gliomas (10) . Furthermore, somatic cells from patients suffering from three major cancer-prone syndromes-Bloom syndrome, Fanconi anemia, -and Ataxia talengiectasia-show high levels ofchromosomal instability. These findings suggest that chromosomal rearrangement may be a step in carcinogenesis (11) . Movement of large segments of DNA is now a recognized phenomenon in several areas of biology. Recent techniques for analyzing genetic material have shown that genes rearrange during evolution (12) and in certain stages of development (13, 14) .
Understanding the processes by which chemical carcinogens induce chromosomal changes may be of considerable importance to the understanding of cancer. The aim of this work was to study the 
RESULTS

Treatment of SV40-transformed
Chinese hamster embryo cells with a series of carcinogens (including both activation-dependent and activation-independent varieties) mediated the induction of SV40 DNA synthesis in a substantial number of the treated cells. Noncarcinogenic. compounds similar in structure to known carcinogens did not stimulate SV40 DNA synthesis (15) .
The Role of the Viral A Gene. To elucidate the role of the viral A gene in the amplification of SV40 DNA sequences, I studied the effect of DMBA on Chinese hamster embryo cells transformed by the tsA209 temperature-sensitive mutant of SV40 (cell lines C1052, C1001, and C1000) in which the transformed phenotype is under the regulation of the viral A gene. The transformants were treated with DMBA for 24 h and then maintained at either 330C (the permissive temperature) or 40'C (the restrictive temperature). Induction ofSV40 DNA synthesis occurred only when. the cells were incubated at the permissive temperature ( Fig. 1 ). In contrast, in C060 cells transformed by wild-type virus, DMBA induced SV40 DNA synthesis at both 370C (the optimal temperature for wild-type SV40 replication) and 40'C (data not shown).
Distribution ofSV40 DNA Sequences in the DNA from C060 Cells Prior to Carcinogen Treatment. To gain a clearer understanding ofthe mechanisms leading to the induction of SV40 DNA synthesis in transformed Chinese hamster cells, I studied cell line C060 in more detail. The SV40 DNA sequences in the C060 genome were analyzed by restriction enzyme hydrolysis of the total cellular DNA, followed by Southern blot hybridization with radioactive viral probes. Analysis of undigested C060 DNA showed that all the SV40 sequences were associated with the high molecular weight DNA (Fig. 2, lane a) . The hybridization blot analysis of Xba I-and Bgl II-digested DNA is shown in lanes c and d ofFig. 2. Both enzymes, neither ofwhich cleave within SV40 DNA, generated five SV40,containing fragments. None of these fragments comigrated with unit-length SV40. Analysis of C060 DNA digested with EcoRI and Bgl I is shown in Fig. 2, lanes f and g, and Fig. 3 , lanes e and b. These digestions generated multiple bands (up to 10) containing SV40 DNA sequences, some of which were longer than unit-length SV40 and others of which were smaller. None of the products comigrated with authentic unit-length SV40 DNA. Digestion with HindIII (Fig. 2, lane (21) (22) (23) . To determine whether the induction ofSV40 DNA synthesis is due to the production of viral particles that reinfect neighboring cells, the effect ofanti-SV40 (capsid) antiserum was studied. As seen in Fig. 4 , the DMBA-treated cultures in the presence of antiserum induced SV40 DNA to the same extent as the controls. Furthermore, no infectious virus was detected in extracts of DMBA-treated C060 cells assayed by the conventional plaque assay on sensitive BSC-1 (monkey cell) monolayers.
Nature of the Induced-DNA Molecules. To analyze the SV40-specific DNA in C060 cells after treatment with carcinogen, I treated two groups ofC060 cells with DMBA at 0.1 pIg/ ml. In one group, the carcinogen was removed after 24 h; in the other group, DMBA was present throughout the experiment. SV40 DNA synthesis was monitored at 24-h intervals by the dispersed cell assay (Fig. 5) or by blot hybridization analysis of the Hirt supernatant DNA.. As seen in Fig. 5A , SV40 DNA synthesis was detected 2 days after treatment; thereafter, the amounts of SV40 DNA synthesized increased daily. Analysis of the DNA in the Hirt supernatant by agarose gel blot hybridization (Fig. 5B) showed that the SV40-containing fragments were heterogenous in size, including molecules larger than fulllength SV40, as well as shorter ones. No discrete size classes were observed. DNA extracted from cells continuously exposed to DMBA exhibited greater amounts of SV40 sequences (Fig.   5B , lanes c and e) compared with cultures exposed for only 24 h (Fig. 5B, lanes d and f) . The Hirt supernatant DNA from untreated cells did not contain detectable amounts of SV40 sequences (Fig. 5B, lane g ). DNA derived from the Hirt supernatant fraction of DMBA-induced cells was analyzed by restriction endonuclease digestion with Bgl I, EcoRI and HindIII (Fig.  3, lanes c, f, and i) . In parallel, the high molecular weight DNA from untreated C060 cells was analyzed (Fig. 3, lanes b, e, (Fig. 3, lane c) yielded a pattern that differed from that of the chromosomally integrated insert in C060 cells (Fig. 3, lane b) . Only two of the DMBA-induced fragments comigrated with the genomic C060 fragments (the shortest genomic fragments). A cluster of fragments of heterogenous size migrated at the position offour ofthe genomic fragments. Two new fragments appeared. Digestion of the Hirt supernatant DNA from DMBA-treated cells with EcoRI (Fig.  3, lane f) yielded a heterogenous collection of DNA fragments containing SV40 sequences that migrated to a position similar to that of one of the genomic DNA fragments and was shorter than full-length SV40 DNA (Fig. 3, lane e) . No gested with Bgl I; those in lanes e and f were digested with EcoRI; and those in lanes g-i were digested with HindI. Blots containing Hirt supernatant DNA from DMBA-treated cells were exposed for 4 hr, while strips containing genomic C060 DNA were exposed for 72 hr.
HindIII (Fig. 3, lane i) yielded authentic SV40 DNA fragment (Fig. 3, lane g ), but the four large genomic fragments that appeared in high molecular weight C060 DNA (Fig. 3, lane h ) disappeared and two new bands containing shorter fragments were observed. These fragments were of a higher molecular weight than the largest viral DNA fragments.
Analysis of Hirt above are consistent with amplification of the integrated SV40 sequences. First, cells transformed by SV40 genome that possesses a mutation in the A gene, which renders the protein coded for by this gene temperature sensitive in its ability to initiate SV40 DNA replication in the lytic cycle, are temperature sensitive for SV40 amplification (Fig. 1) . This result indicates that the amplification of SV40 sequences in these cells is controlled by the viral A gene, which is required for the activation ofthe viral origin of replication. Second, neither infectious virus nor unit-length viral DNA were detected after treatment of C060 cells (in which only integrated SV40 sequences were detected; see Fig. 2 ) with a wide variety of carcinogens ( Fig. 5 ; unpublished data); furthermore, I was not able to detect SV40 DNA synthesis in monkey cells (BSC-1) transfected with DNA extracted from DMBA-treated C060 cells (data not shown).
The "onion skin" model proposed by Sambrook (24) would be a natural result of repeated activation of the viral origin of replication after treatment of the cells with carcinogens. Some of the newly synthesized DNA molecules that contain SV40 sequences will remain in the genome while others will be excised from the chromosome by several possible mechanisms (25) Gene amplification was observed in other systems, such as in the genes coding for dihydrofolate reductase (26) and aspartate transcarbamoylase (27) . Gene amplification might also be associated with homogenously staining regions ofa chromosome that appear to be common in malignant cells, tumors, and neoplastic cells but are very rare in nonneoplastic cells (28) . 
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Proc. Natd Acad. Sci. USA 78 (1981) replicons. Excision events might occur for some of these amplified DNA sequences. Insertion of the amplified sequences into loci will produce new combinations ofgenetic material and may lead to activation ofdormant genes or to increased expression of active genes (29) , a situation that could produce the aberrant cellular growth known as cancer.
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